The non-embedded column bases of steel reinforced concrete buildings were severely damaged by the 1995 Hyougoken Nanbu Earthquake. Many anchor bolts and longitudinal reinforcing bars were fractured, mainly due to the lack of consideration of the tensile force caused by the overturning moment during earthquakes. This report examines the strength and deformation capacity of non-embedded column bases. The strength of a column base can be estimated from the summation of the strengths of the components unless the bond between the concrete and reinforcing bars has deteriorated. A high tensile force reduces the ductility of the column base. A formula is proposed for predicting the deformation capacity of column bases using the parameter "effective tensile force ratio" considering bond strength as well as tensile strength.
Introduction
There are two types of column bases in steel reinforced concrete (hereinafter referred to as "SRC") column bases in Japan. One is called the non-embedded column base which has its steel portion set on the surface of an RC foundation beam, and the other is called the embedded column base which has its steel portion embedded into an RC foundation beam.
Non-embedded column bases have been widely used because of their relative superiority in terms of cost and construction time compared to embedded column bases. However, non-embedded type column bases were severely damaged by the 1995 Hyougoken Nanbu Earthquake with many instances of fractured anchor bolts and longitudinal reinforcing bars. This was mainly due to the lack of consideration of the tensile force caused by the overturning moment during earthquakes in structural design. Since then, the SRC building standard of Japan has been revised to prohibit the use of column bases of the non-embedded type.
Although several tests on non-embedded column bases under tensile force have been performed in recent years, the phenomenon of fracturing of anchor bolts that occurred in the 1995 Hyougoken Nanbu earthquake has not been recognized, and a method of estimating the strength and deformation capacity of the column base has not been proposed. Under tensile force, it is more important to estimate the deformation capacity of the column bases than their strength, because they have less resistance to horizontal force than under compressive force. This paper describes a series of tests conducted on non-embedded column bases under tensile force with various test parameters such as the tensile force ratio and bond strength of longitudinal reinforcing bar at the column base. The resistance mechanism of the non-embedded column bases under tensile force is clarified and methods of estimating their strength and deformation capacity are proposed.
hoops is SD295. The anchor bolts are of SR235A as die-formed thread. The mechanical properties of the steel plates and the reinforcing bars are shown in Table 2 (a). Tensile tests were conducted on both the body and the screw parts of the anchor bolts. The concrete of the test columns is normal concrete whose maximum aggregate size is 20 mm and the aggregate is crushed stone. The compressive strength of the concrete on the testing day is shown in Table 2 (b).
The following five non-dimensional factors that may influence the deformation capacity of the column base, which are also listed in Table 1 strength of steel to that of SRC under no axial force). The third is the tensile strength ratio of column top to column base. The fourth is the strength ratio of bolts to steel column. The fifth is the bond strength ratio (the ratio of bond strength to yield strength of longitudinal reinforcing bars at the column base; the bond strength is given by Eq. (1) in Section 3.4). The value of the dimensionless factor is calculated from the mechanical properties of the steel and the concrete compressive strength σ b shown in Table 2 .
The main test parameters in Series 1 are reinforcing details (the number of reinforcing bars at the column base, the stud bolts, and the band plates) and axial force (the value of long-term axial force and the maximum tensile axial force ratio (η ty )). The number of specimens in Series 1 is 6, as shown in Table 1 . The long-term axial force of 0.22bDσ b is applied to No. 1-2 and that of 0.1bDσ b is applied to the other specimens. The main test parameters of Series 2 are the maximum tensile axial force ratio (η ty ) and the amount of steel material (steel column, reinforcing bars at the column base and anchor bolts). The number of specimens in Series 2 is 7, as shown in Table 1 .
The specimens of both series were fabricated in an actual construction situation. The concrete was cast first in the lower stub, and then the column and upper stub were cast. During erection of the steel framing, the steel column was first set at the top of the mortar block, then non-contractile mortar was placed between the base plate and the lower stub.
Loading and measuring method
A cyclic horizontal load (Q) was applied to the column specimens with variable axial force (N). The upper stub was kept horizontal. Horizontal deformation (δ h ) was measured on both faces of the specimen.
The overturning moment on an actual building causes an axial force on the outer column in proportion to the shear force of the building story. Therefore, the test specimens were applied an axial variation force related to member angle (R), assuming that the axial force (N/N max ) occurred at the outer column in proportion to the shear force of the building story in accordance with the Takeda model (1970) , as shown in Fig. 3 . The long-term axial force in Series 2 was zero and so fracture at the column base would occur when the column was under tension axial load.
Test results and considerations 2.3.1 Failure state and process
An overview of the test results is shown in Table 3 . The failure states of representative specimens are shown in Fig. 4 (Series 1) and in Fig. 5 (Series 2). In Table 3 , N is the axial force, Q is the shear force of the specimen column, δ h is the horizontal deformation, and R is the member angle. The definition of R is shown in Fig. 8 (b) . The value in the second lowest row of Table 3 is the lower of the member angle at anchor bolt fracture or the angle at which the axial force could not be maintained. This angle is termed the limit member angle (R tu ).
The failure mode in Series 1 was compression failure of concrete for No. 1-2 without upper limit of compressive axial force (Fig. 4 (b) ), and was fracture of the anchor bolt for all other specimens (Fig. 4 (c) ). The longitudinal reinforcing bar of No. 1-1 with large η ty fractured after the anchor bolts fractured (Fig. 4 (a) ).
The failure mode in Series 2 was fracture of the anchor bolt for six specimens. However, bond failure of longitudinal reinforcing bars occurred in No. 2-5 (added longitudinal reinforcing bar).
The results for Series 1 indicate that the damage states in the Hyogoken Nanbu earthquake, the fracture of anchor bolts and longitudinal reinforcing bars, occur under high tensile axial force. The results for Series 2 indicate that the fracture of anchor bolts occurs where η ty is more than 0.6.
The failure processes are as follows. The positive loading processes in which tensile axial force is applied are examined because the purpose of this study is to investigate the elasto-plastic behavior of non-embedded column bases under tensile axial force. The failure processes of almost all the specimens were about the same, as shown in Fig. 6 . The events occurred in the following sequence: ① flexural crack, ② shear crack, ③ tensile yielding of longitudinal reinforcing bars at the δh is horizontal deformation of column (unit: mm). R is member angle (unit: rad.). column base (R = about 0.004 radian), ④ bond cracking along longitudinal reinforcing bars at the column base on the tensile side (R = ~0.005 radian), ⑤tensile yielding of anchor bolts (R = about 0.006 radian), ⑥ diagonal cracking caused by uplifted base plate (R = about 0.006 radian), and ⑦ bond cracking along the longitudinal reinforcing bars at the column base on the compressive side (R = 0.005～0.02 radian).
In particular, bond cracking ④ caused bond deterioration of the longitudinal reinforcing bars at the column base, and the anchor bolts shared the tensile axial force of the longitudinal reinforcing bars at the column base, and phenomena ⑤ to ⑦ occurred. Finally the anchor bolts and the longitudinal reinforcing bars fractured. Shear failure of the column base was not observed.
Shear force-horizontal deformation relationship
The shear force (Q)-horizontal deformation (δ h ) relationships of the specimens are shown in Comparison between No. 2-1 (standard) and No. 2-3 (smaller tensile axial force) showed that, as the maximum tensile axial force ratio increased from 0.6 to 0.8, the maximum shear strength and the limit member angle became smaller (Fig. 8 (a), (b) ).
The Q-δ h relationships of No. 2-1 and No. 2-5 (added anchor bolt) were about the same. Therefore, the amount of anchor bolts did not appear to influence the maximum shear strength and the limit member angle (Fig. 8 (a),  (d) ). Comparison between No. 2-3 (small tensile axial force) and No. 2-6 (reduced hoop) showed that the maximum shear strengths of both specimens were about the same. However, as the amount of hoops decreased, the limit member angle became smaller (Fig. 8 (b) , (e)); this was because the hoops restrained the widening of the cracks. No. 2-3 (small steel column), which had a smaller steel column than No. 2-1, had a smaller value of maximum shear strength, but the limit member angle was almost equal (Fig. 8 (a), (f) ). Number 2-5 (added longitudinal reinforcing bars) had a smaller limit member angle than No. 2-1. The fact that the longitudinal reinforcing bars through the column failed suddenly is considered to be due to insufficient bond strength as the longitudinal reinforcing bars at the column base were overcrowded. This phenomenon also occurred with No. 1-3 in Series 1.
Fracture of anchor bolt
Column base after removing concrete Overview (Front side) 3. Strength and deformation capacity of non-embedded column bases of steel reinforced concrete 3.1 Stress transfer mechanism at column base and likely modes of failure Many cases of damage to the non-embedded column bases of steel reinforced concrete were observed in the Hyogoken Nanbu Earthquake. The observed failure modes can be broadly classified into the three following types (Shohara and Minami 2000):
(1) Tensile fracture of longitudinal reinforcing bars or anchor bolts (2) Bond failure or pullout of longitudinal reinforcing bars (3) Lateral displacement of base plate Of the mechanisms listed above, the type (1) and type (2) failure modes are thought to result from the tensile force acting on the column due to overturning moment and the type 3 failure mode is thought to result from the shear force and the tensile force acting at the column base. In all of the reported cases of failure, the type (3) failure mode was always accompanied by the type (1) failure mode. This indicates that the ability to resist tensile force is the most important requirement for the column base. The authors consider that non-embedded column bases resist tensile forces as follows. In the case of a column on which tensile force acts during an earthquake, a mechanism involving tensile force as described below and mechanisms for resisting shear force and bending moment coexist.
The tensile forces acting on the steel H-column in the concrete column are smaller at lower heights because of the bond between the steel and the concrete, and the residual tensile force is transferred to the anchor bolts and the longitudinal reinforcing bars at the column base through the column base plate. That force can be directly transferred from the steel to the anchor bolts, but in order for the force to be transferred from the steel to the longitudinal reinforcing bars at the column base, there must be the following mechanisms:
(1) The force acting to pull up the steel is suppressed by the compressive resistance of the concrete through the base plate. (2) A macroscopic truss mechanism as shown in Fig. 9 is formed by the compressive force of the concrete and the hoops and longitudinal reinforcing bars. (3) In order for the truss mechanism to occur, there must be bond resistance of the longitudinal reinforcing bars at the column base. If the required deformation capacity is to be achieved, the tensile force of the steel needs to be transferred to the longitudinal reinforcing bars at the column base until the longitudinal reinforcing bars yield. It is therefore necessary to ensure that the elements constituting this transfer mechanism do not fail before the longitudinal reinforcing bars yield. If the resistance mechanism described above is assumed, then the sum of the axial forces resisted by the steel H-column and the longitudinal reinforcing bars is greater than the working axial force N by the amount of axial force resisted by the concrete strut. From this mechanism, the following failure modes can be assumed: a. The anchor bolts and the longitudinal reinforcing bars yield and fracture. b. The base plate yields and fractures. c. The column concrete constituting the truss mechanism or the concrete directly above the base plate is crushed. d. The hoops constituting the truss mechanism yield. e. The bond of the longitudinal reinforcing bars fails. f. The longitudinal reinforcing bars yield.
Of the failure modes listed above, modes a, d, e, and f actually occurred in the test.
Transfer of tensile force
The test results are analyzed to evaluate the validity of the tensile force transfer mechanism shown in Fig. 9 . Figure 10 shows changes in tensile force at the column base under positive loads (tensile axial loads). The broken lines represent the applied axial loads, and the solid lines represent the axial forces carried by the longitudinal reinforcing bars, the steel H-column and the anchor bolts, and their totals. The axial forces carried by the steel were estimated from measured strains by using the bilinear stress-strain relationship defined according to the tension test results. The axial forces carried by the longitudinal reinforcing bars were calculated from strains measured in the longitudinal reinforcing bars extending through the column and the longitudinal reinforcing bars at the column base. The axial forces carried by the steel H-column were calculated from the strains measured in the compression and tension flanges and the web.
The axial force in the steel H-column at level 1 directly above the base plate (marked with "△" in Fig. 10 (a) ) is greater than the axial force carried by the anchor bolts at level 2 directly under the base plate (marked with "△" in Fig. 10 (b) ). This means that part of the axial force in the steel H-column is transferred from the base plate to concrete, and the remaining part of the axial force is directly transferred to the anchor bolts. As a result, the total axial force carried by the longitudinal reinforcing bars and the steel H-column at level 1 (marked with "○" in Fig. 10 (a) ) is greater than the applied axial force. Assuming the stress transfer mechanism mentioned in the preceding section, the axial force carried by the concrete strut (difference between the axial force carried by the steel H-column in Section 1 and the axial force carried by the anchor bolts in Section 2) was subtracted from the total axial force carried by the longitudinal reinforcing bars and the steel H-column. Fig. 10 (a) , the values thus obtained are very close to the applied axial forces. It can thus be inferred that the tensile force transfer mechanism mentioned in the preceding section has been formed. The total axial forces shown by the black circle before R = 0.01 radian in the test specimens in which relatively small tensile axial forces occur are greater than the applied axial forces. The reason is that there is a flexural compression zone in the concrete. The likely reason for the discontinuity is that the elongation of the anchor bolts and the longitudinal reinforcing bars (longitudinal reinforcing bars extending through the column and reinforcing bars at the column base) progressed and the flexural compression zone disappeared during the 0.01 radian cyclic loading. Figure 11 shows the relationship between the axial force N applied to the specimen and the bending moment M carried at the column base. The figure also shows interaction curves (M u -N u curves) derived from the simple-sum-of-strength formula and the general-sum-of-strength formula of the AIJ SRC standard (2001) . Under positive loads (tensile axial forces), the bending moment is maximized while the axial force is increasing. After the M u -N u curve is reached, the bending moment decreases as if following the curve. After the maximum tensile force is reached, the bending moment is maximized again at member angles of 0.01 to 0.02 radian and gradually decreases as the member angle Figure 13 shows the distribution of tensile stresses in longitudinal reinforcing bars at the column base placed along the H-column flange surface. The longitudinal reinforcing bar with strain gauges shown in Fig. 13 is in the tension zone under positive loading (tensile axial force). In the graph showing peak values in different cycles ( Fig. 13 (a) ), tensile stress increases until the member angle reaches 0.01 radian, but after the yield stress m σ y (① in Fig. 13 ) is reached at the column base, tensile stress decreases as the member angle approaches 0.02 radian. Changes in stress distribution at several steps before 0.02 radian is reached are shown in Fig. 13 (b). As shown, tensile stress gradually decreases, indicating that the longitudinal reinforcing bars were not anchored adequately. Similar phenomena were observed for all Series 2 specimens. It is inferred that because of this bond degradation, the strength of the column base decreased and axial elongation in the column base region increased, causing the anchor bolts to fracture. The stress gradient at the beginning of bond degradation is very close to the gradient (② in Fig. 13 ) calculated from the bond strength τ bu (Eq. C6.28) described in the AIJ Ultimate Strength Design Guidelines (1990) . The stress gradient at a location near the end of the reinforcing bar after tensile stress decreases (at the member angle of 0.02 radian) is very close to the gradient (③ in Fig. 13 ) calculated from the ultimate bond strength after bond slip τ bus (Eq. C6.47 in AIJ (1990) . In the section extending over a distance of d from the stub face (d: effective depth of column), tensile stresses are more or less uniformly distributed. The tensile stress values are very close to the values of m σ e (④ in Fig. 13 ) obtained from Eq. (1): Figure 14 shows the relationship between the limit member angle R tu and the tensile axial force ratio at the column base, η ty . R tu is the limit member angle based on the definition shown in Section 2.3.1 and η ty has been calculated from Equation (3) and Equation (4):
As shown by the black circle (•) marks in

Flexural strength of column base
Bond properties of longitudinal reinforcing bars at column base
m σ e = 4 τ bus (l -d)/d b(1)
Relationship between limit member angle and tensile axial force ratio
N ty = m n m a m σ y + a n a a a σ y
where, N tmax : maximum tensile axial force N ty : tensile yield strength of column base m n, m a, m σ y : number, cross-sectional area and yield stress of longitudinal reinforcing bars, and a n, a a, a σ y : number, cross-sectional area and yield stress of anchor bolts. Figure 14 also shows the results given by Masuda et al. (1997) , Yatabe and Tachibana (1999) and Sadasue and Minami (1999) . The test results, however, for the specimens that were crushed by compression and for the specimens whose loading was stopped before the member angle of 0.05 radian are excluded. longitudinal reinforcing bars increases and as the cross-sectional area of hoops decreases. The reason for these is presumed to be that effective axial force ratios increased because of the degradation of the bond of the longitudinal reinforcing bars mentioned above. Figure  15 shows the relationship between the effective axial force ratio η te and R tu . η te is obtained by Eq. (5) and Eq.
(6):
N te = ( m n 1 m a m σ y + m n 2 m a m σ e ) + a n a a a σ y
where, N te : effective tensile strength of column base m n 1 : number of longitudinal reinforcing bars at which bond degradation does not occur, and m n 2 : number of longitudinal reinforcing bars at which bond degradation occurs. The occurrence of bond degradation is judged, in accordance with the explanation in AIJ Ultimate Strength Design Guidelines (1990) , by examining the ratio of the bond stress τ f due to bending to the bond strength τ bu mentioned above. The use of η te enables qualitative evaluation of the decreases in R tu due to the increases in the cross-sectional area of the longitudinal reinforcement or the decreases in the cross-sectional area of the hoop, thus clarifying their correlations. Equation (7) can be derived as the lower-bound formula:
R tu = 0.088 -0.070 η te Height from stub face (mm)
Conclusions
The resistance mechanism of the non-embedded column bases was clarified under tensile force and a method of estimating the strength and deformation capacity was proposed based on the experimental data. The following results were obtained: 1) The experimental data of the flexural strength of the non-embedded column bases are larger than the values calculated based on the AIJ SRC standard. 2) The bond strengths of the longitudinal reinforcing bars at the column base can be evaluated based on the formula of AIJ Ultimate Strength Design Guidelines. 3) Shear failure of the column base was not observed in the experiments or the other past experiments. 4) The tensile force ratio dominantly affected the deformation capacity of the non-embedded column base under tensile force. The fracture of anchor bolts occurred only under the condition where the tensile force ratio exceeded 0.6.
5) The deformation capacity of the column base was also adversely affected by the deterioration of the bond between concrete and longitudinal reinforcing bar at the column base. The deformation capacity can be more accurately predicted using the parameter "effective tensile force ratio" which is the ratio of the tensile force to the larger one between the tensile strength and the bond strength. The fracture of an anchor bolt did not occur under an effective tensile force ratio of less than 0.8. 6) The seismic design of a non-embedded column base based on the proposed formulae is applicable to prediction of the deformation capacity of the column base even under tensile force.
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